Abstract: AZ31-based nanocomposites are produced by disintegrated melt deposition (DMD) processing. In this investigation, the influence of the addition of Ca to AZ31-1.5 vol.% nano-alumina composite (base) on its hot working behavior is studied to develop a processing route for manufacturing components with these composites. A processing map for the base composite in the temperature range 250-500 • C and strain rate 0.0003-10 s −1 is compared with those for composites with 1% Ca and 2% Ca. The grain size of the base composite is refined by Ca addition and the <1010> texture is strengthened. Besides nano-alumina particles, the Ca-containing composites have intermetallic particles (Mg,Al) 2 Ca present at grain boundaries as well as in the matrix. All the three nanocomposites exhibit three DRX domains, with one of them at high strain rate that facilitates high productivity. Addition of Ca mitigates the occurrence of wedge cracking that occurs in AZ31-1.5NAl composite. Increasing of Ca addition to 2% prevents dynamic recrystallization (DRX) at lower temperatures and strain rates and causes only dynamic recovery. At lower temperatures and higher strain rates, DRX occurs by basal + prismatic slip along with recovery via climb controlled by grain boundary self-diffusion promoted by very fine grain size in the composites.
Introduction
A light weight of Mg materials is sought after for many automobile, aerospace, and biomedical applications [1] . Among the several alloys being actively studied, AZ31 is the most popular Mg alloy on the basis of which several more complex compositions are developed for the purpose of improving its creep strength and corrosion resistance [2] . With a view to enhance the strength of AZ31, several nanodispersions have been attempted [3] [4] [5] [6] [7] [8] and AZ31-nano-alumina composites are studied in detail [4, 5] . The effect of Al 2 O 3 -nanoparticles as the reinforcement additive on the hot deformation behavior of aluminum alloy (AA7075) has also been studied [6] . AZ31-1 vol.% SiC nanocomposites have been fabricated by hot rolling with pre-extrusion [7] and the nanocomposite sheets have exhibited significantly enhanced tensile strength and uniform mechanical properties during subsequent rolling. An attempt [8] has been made to reinforce SiC nanoparticles into as-cast AZ91 (SiCp/AZ91 nanocomposite), in which nano-SiC particles promoted hot workability of the reinforced composite. Recently, a new technique, named disintegrated melt deposition (DMD, hybrid-casting process) followed by hot extrusion, was developed to synthesize the nanocomposites [4, 5, [9] [10] [11] . This method ensures uniform distribution of dispersoids and a fine grain size in the composite. A further improvement in properties of the AZ31-nano-alumina composite is attempted using Ca addition [9] , which forms intermetallic particles that enhance creep strength. Ca addition also influences the hot workability by widening the dynamic recrystallization (DRX) domains [12] of the processing map and mitigating wedge cracking occurring in the composite at higher temperature and lower strain rates [13] .
Though many studies have been carried out on the issues specific to hot workability in the cast and commercial wrought Mg alloys, very few reports are available on the deformation behavior of Mg (mainly AZ31)-based nanocomposites that are especially produced by DMD and extrusion. The fiber texture induced during the extrusion can strongly impact the deformation mechanisms during subsequent thermomechanical processing of Mg-based composites. The deformation mechanisms and the evolution of texture in AZ31-1.5NAl and AZ31-1.5NAl-1Ca composites have been reported earlier by present authors [12, 13] . In view of the significant effect of Ca addition on strength and hot workability, the present investigation is aimed at evaluating the effect of Ca content on the hot workability of AZ31-1.5 vol.% nano-alumina (NAl) composite. For this purpose, composite with 2 wt.% Ca was prepared using DMD processing and its hot working behavior has been evaluated and compared with that of base and 1% Ca composites. The aim of this article is to report the effect of Ca addition to Mg-Al 2 O 3 nanocomposites with a view to projecting the most promising composite from the viewpoint of high workability toward developing products.
Hot workability is studied with the help of processing maps, the basis and principles of which are given earlier [14] [15] [16] and briefly presented below:
The specimen undergoing hot deformation is considered to be a nonlinear dissipator of power and the strain rate sensitivity (m) of flow stress is the factor that partitions power between deformation heat and microstructural changes. By comparing the nonlinear power dissipation occurring instantaneously in the specimen with that of a linear dissipator for which the m value is unity, the efficiency of power dissipation during microstructural changes can be calculated by: η = 2m/(m + 1),
The variation of efficiency of power dissipation with temperature and strain rate gives a processing map in three dimensions and a contour map when sectioned at constant efficiency levels. In view of the nonlinear dissipation, the power dissipation map exhibits hills and valleys which appear as deterministic domains separated by lower efficiency regions called bifurcations in dynamic systems terminology [17] . In bifurcation regions, the material behavior is probability-related and results in (microstructural) instability [16] .
The second part of the processing map is the identification of regimes where materials flow becomes unstable. For this purpose, a flow instability criterion has been derived by exploring the extremum principles of irreversible thermodynamics as applied to continuum mechanics of large plastic flow [18] and is given by instability parameter ξ . ε :
The processing map is a combination of the power dissipation map and the instability map, which are plotted as variation of power dissipation efficiency (η) with temperature and strain rate superimposed by that of the instability (ξ) criterion. The processing map in general exhibits domains where the efficiency reaches a peak, and regimes of flow instability where the instability parameter is negative. By identifying suitable temperature-strain rate windows for hot working in which microstructurally 'safe' processes like dynamic recrystallization (DRX) occur and by avoiding flow instability regimes, the workability may be optimized. In the region between domains called bifurcation, the microstructure is unstable (for example, a combination of fine-grained and coarse-grained structure [19] ) and will not be reproducible since it is probability-related.
Within a deterministic domain of a process map, the standard kinetic rate equation relating the flow stress (σ) to strain rate ( . ε) and temperature (T), given by [20] :
where n, Q, and R are the stress exponent, apparent activation energy, and gas constant, respectively, and A is a constant, is obeyed. The activation parameters n and Q may be determined in each domain by using the above kinetic equation in order to identify the rate-controlling mechanisms.
Experimental Procedure
The AZ31-1.5 vol.% nano-alumina composite and AZ31-1.5 vol.% nano-alumina composites with 1 wt.% Ca and 2 wt.% Ca were prepared by Disintegrated Melt Deposition (DMD) technique [4] [5] [6] [7] [8] . Briefly, the procedure consists of the following steps: AZ31 magnesium alloy ingots (with chemical composition of 2.94 wt.% Al, 0.87 wt.% Zn, 0.57 wt.%5 Mn, 0.0027 wt.% Fe, 0.00112 wt.% Si, 0.0008 wt.% Cu, 0.0005 wt.% Ni and balance Mg) were cut into rectangular pieces. To obtain reasonable distribution of nano-alumina and calcium into the AZ31 matrix, holes (12 mm in diameter and 30 mm deep) were drilled in these pieces and the required amounts of the additives were filled in the holes. DMD processing involved heating the magnesium alloy pieces with the constituents to 750 • C in a graphite crucible, stirring the melt in an inert Ar atmosphere and depositing the slurry drops onto a metallic substrate. Billets of 40 mm diameter were obtained following the deposition stage. The deposited billets were soaked for 1 hour at a temperature of 400 • C and extruded with a die preheated to 350 • C using an extrusion ratio of 12.96:1 to produce rods of 10 mm diameter. In this process, colloidal graphite was used as a lubricant.
Cylindrical specimens of 9.8 mm diameter and 15 mm height were machined from the extruded rods for isothermal uniaxial compression along the direction of extrusion. A hole of 0.8 mm diameter and 4.9 mm depth was machined at midheight to reach the center of the specimen. A thermocouple (chromel-alumel Pro-K type, RS Components Ltd., Corby, UK) was inserted in the hole to measure the instantaneous specimen temperature during deformation. The specimens were subjected to uniaxial compression in the strain rate of 0.0003-10 s −1 and temperature range of 250-500 • C. An exponential decay in the actuator speed of the servo hydraulic machine (M1000/RK; Dartec Ltd., Bournemouth, UK) was applied to achieve constant true strain rates during the compression. Graphite powder mixed with grease was used as the lubricant in all the experiments. The specimens were deformed up to a true strain of about 1 and quenched in water. The load-stroke data were converted into true stress-true strain curves using standard equations. The flow stress values were corrected for the adiabatic temperature rise, which was measured during each compression test, to obtain the actual temperature. The corrected flow stress was computed by fitting smooth curves for flow stress data as a function of temperature at all relevant strain rates within the experimental points. The processing map was developed from the variation of corrected flow stress with temperature, and strain rate at different strains using the procedure described earlier [21] . Postcompressed specimens for metallographic examination were prepared by grinding and sequential polishing using diamond particle suspensions of 9, 3, and 1 µm. The polished specimens were etched with solution containing 4.2 g of picric acid, 10 mL of acetic acid, 10 mL of distilled water, and 70 mL of ethanol. To record the microstructural features, the etched specimens were examined using optical metallurgical microscope (OMM-Olympus/PMG3, Olympus Corporation, Tokyo, Japan). Tensile tests were also conducted on cylindrical specimens of 6 mm diameter with a gage length of 36 mm under select temperature and strain rate conditions for the purpose of confirming the mechanisms in various workability windows. A scanning electron microscope (SEM-JEOL JSM-5600, SEM-JEOL Ltd., Tokyo, Japan) was used to observe the surface fracture features of tensile-tested specimens.
Results and Discussion

Initial Microstructure of the Composites
The starting microstructures of AZ31-1.5NAl, AZ31-1Ca-1.5NAl, and AZ31-2Ca-1.5NAl composites are shown in Figure 1a -c. Nano-alumina particles are uniformly distributed in the microstructure of all the three composites. The scanning electron micrographs (SEM images) in Figure 2a -c show the microstructure of AZ31-1.5NAl, AZ31-1.5NAl-1Ca, and AZ31-1.5NAl-2Ca composites. In Ca-containing composites, (Mg,Al) 2 Ca intermetallic phase particles are present and their volume fraction is increased with an increase in the Ca content. Also, a small amount of undissolved Al 8 Mn 5 phase is present [12] and nano-alumina are drawn along bands in the extrusion direction. The average grain diameter in the base composite is about 7 µm, which is reduced to 2-3 µm range by addition of Ca and the grain size is more uniform in the case of 2% Ca-containing composite. The starting rod had a texture which may be described in terms of <1010> along the extrusion direction [13] . In the base composite, the texture is about 2-3 times the random while by the addition of 1% Ca, the texture intensity increases to 4-5 times the random. Details of the microstructural features for the composites are compared in Table 1 . By the addition of calcium to the composite, the particle content has increased, the grain size is refined, and the texture intensity has increased. 
Results and Discussion
Initial Microstructure of the Composites
The starting microstructures of AZ31-1.5NAl, AZ31-1Ca-1.5NAl, and AZ31-2Ca-1.5NAl composites are shown in Figure 1a -c. Nano-alumina particles are uniformly distributed in the microstructure of all the three composites. The scanning electron micrographs (SEM images) in Figure 2a -c show the microstructure of AZ31-1.5NAl, AZ31-1.5NAl-1Ca, and AZ31-1.5NAl-2Ca composites. In Ca-containing composites, (Mg,Al)2Ca intermetallic phase particles are present and their volume fraction is increased with an increase in the Ca content. Also, a small amount of undissolved Al8Mn5 phase is present [12] and nano-alumina are drawn along bands in the extrusion direction. The average grain diameter in the base composite is about 7 μm, which is reduced to 2-3 μm range by addition of Ca and the grain size is more uniform in the case of 2% Ca-containing composite. The starting rod had a texture which may be described in terms of <101 ̅ 0> along the extrusion direction [13] . In the base composite, the texture is about 2-3 times the random while by the addition of 1% Ca, the texture intensity increases to 4-5 times the random. Details of the microstructural features for the composites are compared in Table 1 . By the addition of calcium to the composite, the particle content has increased, the grain size is refined, and the texture intensity has increased. Table 1 . Details of microstructural parameters (1-3), (4) temperature-strain rate ranges for domains, (5) peak efficiency (η) conditions, (6) apparent activation energy (Qapp) and (7) tensile elongation, and (8) proposed mechanisms in the various domains of processing maps for DMD-processed AZ31-1.5 NAl, AZ31-1Ca-1.5NAl, and AZ31-2Ca-1.5NAl composites. 
Processing Maps for Hot Working
The hot deformation behavior of the three composites is analyzed with the help of processing maps developed on the basis of flow stress at different temperatures and strain rates. The processing maps are presented below along with the interpretations for the various domains and comparison with a view to bring out the effect of Ca on the hot working behavior.
AZ31-1.5NAl Base Composite
The processing map for the base composite AZ31-1.5%NAl obtained at a true strain of 0.5 is shown in Figure 3 , which exhibits three domains in the temperature and strain rate ranges given below:
( In an earlier publication [13] , detailed investigation of microstructures, kinetic parameters, elongation, and fracture features were presented and the above domains have been interpreted to represent DRX occurring with different slip and recovery mechanisms in the various temperature and strain rate ranges. The results are summarized in Table 1 and are briefly described below:
In Domain 1, basal slip {0001} <112 ̅ 0> occurs along with some prismatic slip {101 ̅ 0} <112 ̅ 0> and the recovery mechanism is climb of edge dislocations controlled by lattice self-diffusion.
In Domain 2, second-order pyramidal slip {112 ̅ 2} <112 ̅ 3> occurs since the temperature range is higher and the associated recovery mechanism to nucleate DRX is cross-slip in view of availability of a large number of intersecting slip systems and high stacking fault energy. The DRX microstructure promotes grain boundary sliding resulting in wedge cracking at higher strains.
In Domain 3, basal slip {0001} <112 ̅ 0> occurs along with some prismatic slip {101 ̅ 0} <112 ̅ 0>. However, because of higher strain rates, shorter times are available for recovery. Recovery therefore occurs by climb of edge dislocations controlled by grain boundary self-diffusion.
AZ31-1Ca-1.5NAl Composite
The processing map for AZ31-1Ca-1.5NAl composite is shown in Figure 4 , which exhibits four domains in the temperature and strain rate ranges given below: In an earlier publication [13] , detailed investigation of microstructures, kinetic parameters, elongation, and fracture features were presented and the above domains have been interpreted to represent DRX occurring with different slip and recovery mechanisms in the various temperature and strain rate ranges. The results are summarized in Table 1 and are briefly described below:
In Domain 1, basal slip {0001} <1120> occurs along with some prismatic slip {1010} <1120> and the recovery mechanism is climb of edge dislocations controlled by lattice self-diffusion.
In Domain 2, second-order pyramidal slip {1122} <1123> occurs since the temperature range is higher and the associated recovery mechanism to nucleate DRX is cross-slip in view of availability of a large number of intersecting slip systems and high stacking fault energy. The DRX microstructure promotes grain boundary sliding resulting in wedge cracking at higher strains.
In Domain 3, basal slip {0001} <1120> occurs along with some prismatic slip {1010} <1120>. However, because of higher strain rates, shorter times are available for recovery. Recovery therefore occurs by climb of edge dislocations controlled by grain boundary self-diffusion.
The processing map for AZ31-1Ca-1.5NAl composite is shown in Figure 4 , which exhibits four domains in the temperature and strain rate ranges given below:
( All the above domains represent DRX and the slip systems and recovery mechanisms nucleating DRX have been identified on the basis of microstructure and kinetic parameters and the detailed results are discussed in an earlier publication [12] . Basically, the mechanisms are similar to those in Domains (1), (2) , and (3) of the base composite AZ31-1.5NAl except two changes when 1% Ca is added: (a) Domain 1 is split into (1) and (1A), and (b) wedge cracking in Domain 2 is mitigated. Firstly, in the map for the base composite, basal slip and prismatic slip are occurring together in Domain 1, while with 1% Ca addition, basal slip occurs in Domain 1 and prismatic slip occurs at higher temperatures in Domain 1A. This is due to the higher back stress caused by the Ca-containing intermetallic particles requiring higher temperatures for the occurrence of prismatic slip. Secondly, wedge cracking is eliminated when Ca is added since the Ca-containing intermetallic particles pin down the grain boundaries from sliding and avoid the formation of cracks at the triple junctions.
AZ31-2Ca-1.5NAl Composite
The processing map for AZ31-2Ca-1.5NAl composite is shown in Figure 5 , which exhibits three domains in the temperature and strain rate ranges given below: All the above domains represent DRX and the slip systems and recovery mechanisms nucleating DRX have been identified on the basis of microstructure and kinetic parameters and the detailed results are discussed in an earlier publication [12] . Basically, the mechanisms are similar to those in Domains (1), (2) , and (3) of the base composite AZ31-1.5NAl except two changes when 1% Ca is added: (a) Domain 1 is split into (1) and (1A), and (b) wedge cracking in Domain 2 is mitigated. Firstly, in the map for the base composite, basal slip and prismatic slip are occurring together in Domain 1, while with 1% Ca addition, basal slip occurs in Domain 1 and prismatic slip occurs at higher temperatures in Domain 1A. This is due to the higher back stress caused by the Ca-containing intermetallic particles requiring higher temperatures for the occurrence of prismatic slip. Secondly, wedge cracking is eliminated when Ca is added since the Ca-containing intermetallic particles pin down the grain boundaries from sliding and avoid the formation of cracks at the triple junctions.
The processing map for AZ31-2Ca-1.5NAl composite is shown in Figure 5 , which exhibits three domains in the temperature and strain rate ranges given below:
( Unlike Domain 1 in the map for the base composite and that with 1% Ca, Domain 1 in the 2% Ca composite occurs over a very narrow range and at higher strain rates with a peak efficiency lower than 30%. The microstructure of the specimen deformed at 250 C and 0.1 s −1 in the domain is shown in Figure 6a , which reveals that recrystallization has occurred. However, the grain size is very fine, suggesting that dynamic recovery has occurred during deformation, followed by recrystallization during cooling from the test temperature. Thus, Domain 1 represents dynamic recovery. Dynamic recrystallization similar to that in Domain 1 in the map for the base composite and that with 1% Ca has not occurred in the composite with 2% Ca. This may be attributed to the presence of larger back stress in the 2% Ca composite caused by the larger volume fraction of Ca-containing intermetallic phase. This large back stress slows down the rate of dynamic recovery by climb, which is not sufficient for nucleating DRX. It may be recalled that in 1% Ca composite, it is the back stress that has split the DRX domain into (1) and (1A) and with increasing Ca to 2%, the DRX does not occur within the temperature and strain rate ranges corresponding to Domain 1 of other composites. Unlike Domain 1 in the map for the base composite and that with 1% Ca, Domain 1 in the 2% Ca composite occurs over a very narrow range and at higher strain rates with a peak efficiency lower than 30%. The microstructure of the specimen deformed at 250 • C and 0.1 s −1 in the domain is shown in Figure 6a , which reveals that recrystallization has occurred. However, the grain size is very fine, suggesting that dynamic recovery has occurred during deformation, followed by recrystallization during cooling from the test temperature. Thus, Domain 1 represents dynamic recovery. Dynamic recrystallization similar to that in Domain 1 in the map for the base composite and that with 1% Ca has not occurred in the composite with 2% Ca. This may be attributed to the presence of larger back stress in the 2% Ca composite caused by the larger volume fraction of Ca-containing intermetallic phase. This large back stress slows down the rate of dynamic recovery by climb, which is not sufficient for nucleating DRX. It may be recalled that in 1% Ca composite, it is the back stress that has split the DRX domain into (1) and (1A) and with increasing Ca to 2%, the DRX does not occur within the temperature and strain rate ranges corresponding to Domain 1 of other composites. Unlike Domain 1 in the map for the base composite and that with 1% Ca, Domain 1 in the 2% Ca composite occurs over a very narrow range and at higher strain rates with a peak efficiency lower than 30%. The microstructure of the specimen deformed at 250 C and 0.1 s −1 in the domain is shown in Figure 6a , which reveals that recrystallization has occurred. However, the grain size is very fine, suggesting that dynamic recovery has occurred during deformation, followed by recrystallization during cooling from the test temperature. Thus, Domain 1 represents dynamic recovery. Dynamic recrystallization similar to that in Domain 1 in the map for the base composite and that with 1% Ca has not occurred in the composite with 2% Ca. This may be attributed to the presence of larger back stress in the 2% Ca composite caused by the larger volume fraction of Ca-containing intermetallic phase. This large back stress slows down the rate of dynamic recovery by climb, which is not sufficient for nucleating DRX. It may be recalled that in 1% Ca composite, it is the back stress that has split the DRX domain into (1) and (1A) and with increasing Ca to 2%, the DRX does not occur within the temperature and strain rate ranges corresponding to Domain 1 of other composites. Domain 2 is similar to that in the map for the base composite and that with 1% Ca but occurs in wider temperature and strain rate ranges. The microstructure of the specimen deformed at 400 • C and 0.0003 s −1 is shown in Figure 7a , which reveals that DRX has occurred. Kinetic analysis of the temperature and strain rate dependence of flow stress in this domain has been conducted using Equation (3) and a plot of normalized flow stress with strain rate at different temperatures is shown in Figure 8a . The stress exponent is estimated to be 4.3. Arrhenius plot showing normalized flow stress with inverse of absolute temperature is shown in Figure 8b and the apparent activation energy has been estimated to be 144 kJ/mole, which is in a similar range estimated in the base composite and 1% Ca-containing composite (Table 1) . Because this is a higher temperature domain, second-order pyramidal slip {1122} <1123> occurs and the associated recovery mechanism is cross-slip since a large number of slip systems will be available and the stacking fault energy is high (173 mJ/m −2 ) [22] . The tensile ductility measured at 400 • C/0.0003 s −1 is 49% and the SEM fractograph of the fracture surface is shown in Figure 9a , which reveals dimple features typical of ductile fracture. Thus, increasing calcium content has expanded this domain and also enhanced the tensile ductility. Domain 2 is similar to that in the map for the base composite and that with 1% Ca but occurs in wider temperature and strain rate ranges. The microstructure of the specimen deformed at 400 C and 0.0003 s −1 is shown in Figure 7a , which reveals that DRX has occurred. Kinetic analysis of the temperature and strain rate dependence of flow stress in this domain has been conducted using Equation (3) and a plot of normalized flow stress with strain rate at different temperatures is shown in Figure 8a . The stress exponent is estimated to be 4.3. Arrhenius plot showing normalized flow stress with inverse of absolute temperature is shown in Figure 8b and the apparent activation energy has been estimated to be 144 kJ/mole, which is in a similar range estimated in the base composite and 1% Ca-containing composite (Table 1) . Because this is a higher temperature domain, second-order pyramidal slip {112 ̅ 2} <112 ̅ 3> occurs and the associated recovery mechanism is cross-slip since a large number of slip systems will be available and the stacking fault energy is high (173 mJ/m −2 ) [22] . The tensile ductility measured at 400 C/0.0003 s −1 is 49% and the SEM fractograph of the fracture surface is shown in Figure 9a , which reveals dimple features typical of ductile fracture. Thus, increasing calcium content has expanded this domain and also enhanced the tensile ductility. Domain 2 is similar to that in the map for the base composite and that with 1% Ca but occurs in wider temperature and strain rate ranges. The microstructure of the specimen deformed at 400 C and 0.0003 s −1 is shown in Figure 7a , which reveals that DRX has occurred. Kinetic analysis of the temperature and strain rate dependence of flow stress in this domain has been conducted using Equation (3) and a plot of normalized flow stress with strain rate at different temperatures is shown in Figure 8a . The stress exponent is estimated to be 4.3. Arrhenius plot showing normalized flow stress with inverse of absolute temperature is shown in Figure 8b and the apparent activation energy has been estimated to be 144 kJ/mole, which is in a similar range estimated in the base composite and 1% Ca-containing composite (Table 1) . Because this is a higher temperature domain, second-order pyramidal slip {112 ̅ 2} <112 ̅ 3> occurs and the associated recovery mechanism is cross-slip since a large number of slip systems will be available and the stacking fault energy is high (173 mJ/m −2 ) [22] . The tensile ductility measured at 400 C/0.0003 s −1 is 49% and the SEM fractograph of the fracture surface is shown in Figure 9a , which reveals dimple features typical of ductile fracture. Thus, increasing calcium content has expanded this domain and also enhanced the tensile ductility. Domain 3 in all the three composites occurs at lower temperatures and higher strain rates. In the composite with 2% Ca, this domain has become wider than the base composite and the one with 1% Ca. The microstructure obtained on the specimen deformed at 300 C/10 s −1 is fine-grained ( Figure  7b ), which reveals that DRX occurs in this domain. Kinetic analysis done on the temperature and strain rate dependence of flow stress in this domain is shown in Figures 8a and 8b , which give a stress exponent of 5.88 and the apparent activation energy of 119 kJ/mole. These values are very similar in all the three composites (Table 1 ). In the temperature range for this domain (275-375 C), basal slip {0001} <112 ̅ 0> occurs along with some prismatic slip {101 ̅ 0} <112 ̅ 0>. The major recovery mechanism will be climb of edge dislocations. Since the strain rates are high (>1 s −1 ), climb will be controlled by grain boundary self-diffusion that is highly favored in the composite due to very fine grain size. The apparent activation energy of 119 kJ/mole is in close agreement with that required for grain boundary self-diffusion in Mg (95 kJ/mole) [23] , taking into account the role of high back stress. The tensile ductility measured within the range of parameters in the domain (300 C/2.3 s −1 ) is 42%, which indicates that the workability is good. SEM fractograph of the fracture surface is shown in Figure 9b , which reveals dimple features typical of ductile fracture. This domain assumes importance for processing the composite since the high strain rates are conducive for manufacturing. The resulting fine-grained structure is an added advantage for improved product properties. Addition of 2% Ca is helpful in enhancing the workability of the composite, particularly at higher strain rates, which are useful in designing commercial processes for component manufacture.
The region that separates Domains 1, 2, and 3 occurring in the temperature range 275-375 C and strain rate range 0.003-0.3 s −1 with lowest efficiency of 25% is similar to a saddle configuration and may be termed as a bifurcation in chaotic dynamic systems terminology [17] where probability plays a role. In this region, when the dissipative energy reaches a peak and is akin to the top of a hill [16] , hot working at any combination of temperature/strain rate parameters within this region will give rise to microstructural instability. The resulting microstructure will not be reproducible since it will be probability-related. An uncertain combination of microstructure depending on the three mechanisms in the surrounding domains will occur and a simple manifestation will be a mixture of fine and coarse grains [19] with uneven distribution of other microconstituents. The microstructure of the specimen deformed at 350 C/0.1 s −1 is shown in Figure 6b , which reveals patches of large grains within a fine-grained microstructure. Processing in the bifurcation region is not recommended since microstructural control will be difficult and the component microstructure will be not reproducible.
The results of the occurrence of domains in the processing maps of all the three composites are as anticipated. As the solid solubility of Ca is low in Mg (only 1.34 wt.% at eutectic temperature of 517 C) [24] , the stacking fault energy (and the cross-slip on pyramidal planes) is not significantly affected. So, the effect of Ca on DRX mechanisms is essentially through the formation of intermetallic phases and particles. As the volume fraction of intermetallic phases increased with the increase in Ca%, the presence of large back stress slowed down the rate of dynamic recovery by climb, and Domain 3 in all the three composites occurs at lower temperatures and higher strain rates. In the composite with 2% Ca, this domain has become wider than the base composite and the one with 1% Ca. The microstructure obtained on the specimen deformed at 300 • C/10 s −1 is fine-grained (Figure 7b ), which reveals that DRX occurs in this domain. Kinetic analysis done on the temperature and strain rate dependence of flow stress in this domain is shown in Figure 8a ,b, which give a stress exponent of 5.88 and the apparent activation energy of 119 kJ/mole. These values are very similar in all the three composites (Table 1 ). In the temperature range for this domain (275-375 • C), basal slip {0001} <1120> occurs along with some prismatic slip {1010} <1120>. The major recovery mechanism will be climb of edge dislocations. Since the strain rates are high (>1 s −1 ), climb will be controlled by grain boundary self-diffusion that is highly favored in the composite due to very fine grain size. The apparent activation energy of 119 kJ/mole is in close agreement with that required for grain boundary self-diffusion in Mg (95 kJ/mole) [23] , taking into account the role of high back stress. The tensile ductility measured within the range of parameters in the domain (300 • C/2.3 s −1 ) is 42%, which indicates that the workability is good. SEM fractograph of the fracture surface is shown in Figure 9b , which reveals dimple features typical of ductile fracture. This domain assumes importance for processing the composite since the high strain rates are conducive for manufacturing. The resulting fine-grained structure is an added advantage for improved product properties. Addition of 2% Ca is helpful in enhancing the workability of the composite, particularly at higher strain rates, which are useful in designing commercial processes for component manufacture.
The region that separates Domains 1, 2, and 3 occurring in the temperature range 275-375 • C and strain rate range 0.003-0.3 s −1 with lowest efficiency of 25% is similar to a saddle configuration and may be termed as a bifurcation in chaotic dynamic systems terminology [17] where probability plays a role. In this region, when the dissipative energy reaches a peak and is akin to the top of a hill [16] , hot working at any combination of temperature/strain rate parameters within this region will give rise to microstructural instability. The resulting microstructure will not be reproducible since it will be probability-related. An uncertain combination of microstructure depending on the three mechanisms in the surrounding domains will occur and a simple manifestation will be a mixture of fine and coarse grains [19] with uneven distribution of other microconstituents. The microstructure of the specimen deformed at 350 • C/0.1 s −1 is shown in Figure 6b , which reveals patches of large grains within a fine-grained microstructure. Processing in the bifurcation region is not recommended since microstructural control will be difficult and the component microstructure will be not reproducible.
The results of the occurrence of domains in the processing maps of all the three composites are as anticipated. As the solid solubility of Ca is low in Mg (only 1.34 wt.% at eutectic temperature of 517 • C) [24] , the stacking fault energy (and the cross-slip on pyramidal planes) is not significantly affected. So, the effect of Ca on DRX mechanisms is essentially through the formation of intermetallic phases and particles. As the volume fraction of intermetallic phases increased with the increase in Ca%, the presence of large back stress slowed down the rate of dynamic recovery by climb, and therefore the DRX nucleation. As a result, Domain 1 (DRX) that occurred in base and 1% Ca composites was replaced by a narrow domain at lower temperatures and higher strain rates in 2% Ca composite where only dynamic recovery has occurred. The presence of Domain 2 at similar deformation conditions ranges in all the three composites is as expected, attributing to the involvement of second-order pyramidal slip. The Domain 2 in 2% Ca-containing composite is wide due to the higher number of second phase particles that act as obstacles to dislocation movement, which in turn increases the dislocation density and thereby the rate of DRX nucleation. Domain 3 in 2% Ca composite is shifted toward lower temperatures compared to base and 1% Ca composite. The high-volume content of particles in the 2% Ca composite retards the rate of grain boundary migration by pinning the boundaries resulting to the refined DRX grain size. The refinement of grain size promotes the grain boundary self-diffusion and therefore the climb of edge dislocations has become relatively easier at lower temperatures than in the base and 1 wt.% Ca composites.
Conclusions
The effect of 1% and 2% Ca on the hot working behavior of AZ31-1.5 vol.% nano-alumina composite produced by disintegrated melt deposition (DMD) processing has been investigated by developing processing maps in the temperature range 250-500 • C and strain rate 0.0003-10 s −1 . The following conclusions are drawn from this investigation:
1.
The addition of calcium to AZ31-1.5NAl composite refines the grain size and increases the <1010> texture in the rod. 2.
All the three nanocomposites exhibit three DRX domains in the approximate temperature-strain rate ranges of (1) 250-300 • C/0.0003 -0.01 s −1 , (2) 400-500 • C/0.0003-0.03 s −1 , and (3) 300-400 • C/1-10 s −1 .
3.
With 1% Ca addition to AZ31 nano-alumina composite, Domain 1 is split into two: in one part, basal slip dominates, and prismatic slip dominates in the other part, with climb as the recovery mechanism. Domain 2 moves to higher strain rates and Domain 3 has become wider.
4.
Addition of Ca avoids wedge cracking that occurs in AZ31-1.5NAl composite at higher temperatures and lower strain rates (Domain 2). This is because the Ca-containing intermetallic particles pin down the grain boundary and prevent sliding, thereby avoiding formation of wedge cracks at grain boundary triple junctions.
5.
Addition of 1% Ca to AZ31-1.5NAl composite widens all the three workability windows and enhances the hot workability. This composition may be considered to be optimum from hot workability viewpoint. 6.
Increase of Ca addition to 2% prevents DRX at lower temperatures and strain rates (Domain 1) of base composite and causes only dynamic recovery. This is due to high back stress, caused by Ca-containing particles, that slows down recovery by climb and reducing rate of DRX nucleation. 7.
Domain 3 occurring at lower temperatures and higher strain rates is common to all the three composites and is widened by Ca addition. DRX in this domain occurs by basal + prismatic slip along with recovery via climb controlled by grain boundary self-diffusion due to very fine grain size in the composite. 8.
All the three composites may be processed under conditions corresponding to Domain 3 since the strain rates are high enough to ensure productivity, and the grain size resulting in the component will be fine, giving superior product properties.
